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Bone sialoprotein (BSP), a secreted glycoprotein found in bone matrix, has been
implicated in the formation of mammary microcalcifications and osteotropic me-
tastasis of human breast cancer (HBC). BSP possesses an integrin-binding RGD
(Arg-Gly-Asp) domain, which may promote interactions between HBC cells and
bone extracellular matrix. Purified BSP, recombinant human BSP fragments and
BSP-derived RGD peptides are shown to elicit migratory, adhesive, and prolifera-
tive responses in the MDA-MB-231 HBC cell line. Recombinant BSP fragment
analysis localized a significant component of these activities to the RGD domain
of the protein, and synthetic RGD peptides with BSP flanking sequences (BSP-
RGD) also conferred these responses. The fibronectin-derived RGD counterpart,
GRGDSP (Gly-Arg-Gly-Asp-Ser-Pro), could not support these cellular responses,
emphasizing specificity of the BSP configuration. Although most of the prolifera-
tive and adhesive responses could be attributed to RGD interactions, these inter-
actions were only partly responsible for the migrational responses. Experiments
with integrin-blocking antibodies demonstrated that BSP-RGD-induced migration
utilizes the avb3 vitronectin receptor, whereas adhesion and proliferation re-
sponses were avb5-mediated. Using fluorescence activated cell sorting, we se-
lected two separate subpopulations of MDA-MB-231 cells enriched for avb3 or
avb5 respectively. Although some expression of the alternate av integrin was
still retained, the avb5-enriched MDA-MB-231 cells showed enhanced prolifera-
tive and adhesive responses, whereas the avb3-enriched subpopulation was sup-
pressed for proliferation and adhesion, but showed enhanced migratory responses
to BSP-RGD. In addition, similar analysis of two other HBC cell lines showed
less marked, but similar RGD-dependent trends in adhesion and proliferation to
the BSP fragments. Collectively, these data demonstrate BSP effects on prolifera-
tive, migratory, and adhesive functions in HBC cells and that the RGD-mediated
component differentially employs avb3 and avb5 integrin receptors. J. Cell.
Physiol. 176:482–494, 1998. q 1998 Wiley-Liss, Inc.

Although bone is the most common site of human Bouizar et al., 1993; Clohisy et al., 1996). Osteolysis
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for example, be able to stimulate local production and man BSP (Van der Pluijm et al., 1996), and in an in
vitro adhesion assay, these peptides were able to inhibitactivity of prostaglandins and/or vitamin D, leading to

increased bone resorption (Orr et al., 1993). In order tumor cell adhesion to bone matrix, suggesting that
BSP may support adhesion of human breast cancerto metastasize, breast cancer cells must migrate out of

the vasculature and into the bone marrow cavity and cells to the bone through RGD-binding integrins.
The integrins, a large family of a/b heterodimericproliferate in the bone environment, and it has been

suggested that HBC cell invasion and growth in bone transmembrane proteins, mediate cell-cell and cell-
substratum adhesion and interact with many extracel-also may be facilitated by attachment to and interac-

tion with bone extracellular matrix components, such lular matrix components, including fibronectin, vitro-
nectin, collagens, and laminin (Sheppard, 1996). Inte-as collagen I, fibronectin and laminin (Yoneda et al.,

1994). grins are often expressed in high numbers on the cell
surface and, depending on cell type, can sometimesBone sialoprotein (BSP) is an acidic, sulfated glyco-

protein that is primarily secreted by osteoblasts and bind multiple ligands, or show alternative specificity to
influence different cellular responses to the same li-osteoclasts and is thought to take part in bone forma-

tion by binding to hydroxyapatite (Fisher et al., 1983; gand (Sheppard, 1996). Recent work also has demon-
strated a role for integrins in initiation of signalingBianco et al., 1991). Recent work also has indicated

that BSP stimulates proliferation of mouse preosteo- pathways in response to extracellular matrix (Clark
and Brugge, 1995). At this time, there is an abundanceblast cells (Zhou et al., 1995). In normal bone, BSP is

one of the most abundant noncollagenous proteins and of research detailing changes in expression or function
of integrins that occur upon malignant transformationis usually associated with newly synthesized osteoid,

lending support to a role in bone mineralization and which may help to explain their altered phenotype
and uncontrolled growth rates. For example, in mam-(Hunter et al., 1993). The complete nucleic acid se-

quences of human, rat, mouse, and cow, as well as a mary adenocarcinomas, there is evidence for decreased
expression of the a2b1 and a5b1 integrins (Zutter et al.,partial cDNA sequence for pig BSP have been deter-

mined and encode an Ç 80-kD, highly modified protein 1993, 1995), and recently, a b1 integrin blocking anti-
body was shown to dramatically normalize a malignantwith a conserved integrin-binding RGD (Arg-Gly-Asp)

tripeptide and three polyglutamic acid domains thought mammary phenotype (Weaver et al., 1997). Similarly,
the avb3 integrin has been implicated in the increasedto confer hydroxyapatite-binding abilities. Rat and hu-

man BSP are the most highly conserved, having a 70% adhesion, motility, and metastasis of large cell lym-
phoma and in the growth of human melanoma cellssequence homology, including the RGD domain, which

is necessary for the cell-binding abilities of BSP as well (Montgomery et al., 1994; Yun et al., 1996). Current
data relate integrin expression to tumor cell attach-as several other extracellular matrix proteins, includ-

ing vitronectin and fibronectin (Oldberg et al., 1988a; ment and migration as well as proliferation. In one
such study, Agrez and colleagues (1994) demonstratedFisher et al., 1990; Shapiro et al., 1993; Chenu et al.,

1994; Young et al., 1994). Additionally, the amino acids enhanced in vitro and in vivo proliferative capacity of
a human colon carcinoma cell line expressing avb6.directly flanking the RGD are almost identical in rat

and human BSP. From previous reports, it is likely BSP contains an RGD domain that is thought to sup-
port integrin-mediated attachment of certain cells inthat the RGD domain of BSP mediates the attachment

of osteosarcoma cells and osteoclasts in vitro (Oldberg normal bone. Adhesion molecules, including the avb3
integrin and the integrin-like osteoclast functional an-et al., 1988b; Helfrich et al., 1992; Ross et al., 1993).

The RGD domain of osteopontin (OPN), a closely re- tigen (OFA), have been implicated in both attachment
of osteoclasts to bone matrix and resorption of bonelated bone matrix protein, has been implicated in osteo-

clast-mediated bone resorption, initiation of cellular (Davies et al., 1989). Human prostate carcinoma cells
were demonstrated to adhere to bone matrix via thesignaling pathways, and increased adhesion and mi-

gration of HBC cells (Bautista et al., 1994; Chellaiah a2b1 integrin (Kostenuik et al., 1996), whereas breast
carcinoma cells adhere to bone via the avb3 integrinet al., 1996; Xuan et al., 1995). Aside from its RGD-

mediated activities, OPN also appears to have non- (Liapis et al., 1996).
Because malignant as well as normal cells use cellRGD domains that promote cell attachment (Van Dijk

et al., 1993), and a similar, non-RGD-related cell adhe- surface integrins to interact with the bone matrix, we
hypothesized that BSP may influence HBC cell metas-sion mechanism has been evidenced for BSP (Mintz et

al., 1993; Stubbs et al., 1995). Recently, bone sialopro- tasis to bone by imparting upon the tumor cells an
increased capacity to adhere to, proliferate in, and mi-tein, which is implicated in osteoclast attachment and

bone resorption (Raynal et al., 1996), has been localized grate through the bone matrix. The present study dem-
onstrates that BSP can indeed invoke positive growth,to human breast cancer in association with abnormal

microcalcifications (Bellahcene et al., 1995), and sig- attachment, and migratory responses by breast carci-
noma-derived cells and that whereas the proliferativenificantly higher BSP expression levels were found in

primary breast lesions from patients who eventually and adhesive responses appear to be avb5-mediated,
the avb3 integrin seems to mediate the migratory re-developed bone metastases (Bellahcene et al., 1996a).

Similarly, OPN is expressed in a variety of primary sponse. This is the first time that BSP has been re-
ported to influence tumor cell proliferation and migra-carcinomas; however, in situ hybridization studies

showed tumor-associated macrophages to be the source tion, broadening the scope of its involvement in breast
cancer and bone metastasis. To the best of our knowl-of OPN in these lesions (Brown et al., 1994). Further

studies demonstrated that the MDA-MB-231 human edge, this is the first description of an interaction be-
tween the avb5 integrin and BSP. These data implybreast cancer cell line could recognize synthetic pep-

tides encompassing the specific RGD sequence of hu- that different cellular responses to the RGD domain
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of BSP may be regulated by separate populations of
integrins and that an interaction between breast cancer
cells and the bone matrix is important for bone metas-
tasis.

MATERIALS AND METHODS
Cell culture

The MDA-MB-231 and MDA-MB-435 human breast
cancer cell lines were originally derived from pleural
effusions and obtained from ATCC (Rockville, MD), and
the LCC15-MB cells were recently isolated from the
femoral metastasis of a breast cancer patient (Thomp-
son et al., 1997). All cell lines were grown in Richter’s
Improved Minimum Essential Medium (IMEM, Bioflu-
ids, Rockville, MD) supplemented with 10% fetal bovine
serum (FBS, Gibco BRL, Gaithersburg, MD) at 377C
with 5% CO2. Routine screening for mycoplasma was
conducted by the Lombardi Cancer Center Tissue Cul-
ture Core Facility.

Reagents
BSP, recombinant fragments and cyclic RGD

peptides. Rat bone sialoprotein (BSP) was isolated
from the UMR-106-01-BSP rat osteosarcoma cell line
as previously described (Mintz et al., 1994). The recom-
binant BSP fragments synthesized in Escherichia coli
(amino acids 258-317; designated BRB 9 and 10)
(Stubbs, 1996), and the cyclic and linear BSP-derived
RGD peptides, CBA4 and BA3 (EPRGDNYR; denoted
CNB and CP3 in Van der Pluijm et al., 1996), respec-
tively, were synthesized and kindly provided by Dr.
Frank Robey (NIDR, NIH, Bethesda, MD). Figure 1
illustrates the different BSP preparations that we used

Fig. 1. Schematic depiction of full-length rat bone sialoprotein (BSP)in this study, highlighting the RGD consensus se- and the different human BSP-derived constructs used in this study.
quence as a reference point in each form. Note that the BRB9 and BRB10 are recombinant fragments of human BSP with
recombinant fragments BRB 9 and 10 are identical and without (KAE substituted for RGD) the RGD domain, respec-

tively, and CBA4 and BA3 are the cyclic and linear forms of the humanwith the exception of the RGD substitution to KAE in
BSP-derived RGD peptide.BRB 10.

Antibodies. The integrin blocking antibodies against
av (MAb L230; 10 mg/ml), avb3 (LM609, MAb 1976; 10
mg/ml), and avb5 (MAb clone P1F6, mouse ascites; (IMEM-BSA) and IMEM with 10% FBS (IMEM-FBS)

were used as baseline and positive controls, respec-1:2,000 dilution) were obtained from ATCC, Chemicon
International (Temecula, CA) and Gibco BRL, respec- tively. Cells were harvested with trypsin (Gibco BRL),

washed twice with serum-free IMEM, resuspended intively. Antibody concentrations were those that gave
maximal blocking responses in preceding titration exper- IMEM-BSA, and added to the top chamber at a density

of 15,000 cells/well. Chambers were incubated in a hu-iments. The vitronectin used in the adhesion assays was
a generous gift from Dr. Steven Akiyama (NIDR, NIH, midified incubator at 377C in 5% CO2 for 18 h. The cells

that had traversed the filter and spread on its lowerBethesda, MD), and the Alamar Blue vital dye was from
Biosource International (Camarillo, CA). surface were stained with Diff-Quik (American Scien-

tific Products, McGaw Park, IL) and quantitated by
Cell migration assay counting the number of cells per nine representative

fields at a magnification of 201. Data presented are anMigration experiments were performed in triplicate
essentially as previously described (Thompson et al., average (with standard deviation) number of cells per

nine representative microscopic fields.1992), but adapted for the 48-well Boyden chamber ap-
paratus (Neuroprobe, Cabin John, MD). EHS tumor-

Cell proliferation assayderived type IV collagen in 0.5 M sodium acetate (50
mg/filter), a gift from Dr. Hynda Kleinman (NIDR, Proliferative responses (anchorage-dependent) were

assessed in triplicate in 96-well plates with full-lengthNIH), was applied to polycarbonate filters (12.0 mm
pores, PVP-free, Costar, Cambridge, MA), and allowed BSP, recombinant BSP fragments, and RGD peptides

diluted in IMEM-BSA to the concentrations indicatedto dry. Full-length rat BSP, recombinant BSP frag-
ments, or RGD peptides (1 mM) were reconstituted in above. Similar to the migration assay, IMEM-BSA and

IMEM-FBS were used as baseline and positive controls,phosphate-buffered saline (PBS, Gibco BRL), diluted in
IMEM supplemented with 0.1% bovine serum albumin respectively. Cells were harvested with trypsin and

plated in IMEM-FBS at a density of 1500 cells/well(BSA, Sigma, St. Louis, MO), and used as the chemoat-
tractant in the bottom chamber. IMEM plus 0.1% BSA at 377C, 5% CO2. On the following day, the media
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was removed, the cells washed twice with serum-free as to the recombinant human BSP fragments. As shown
in Figure 2A, MDA-MB-231 cells migrated readilyIMEM, and the experimental media (proliferative

agent in IMEM-BSA) added. Cell number was assayed across the filter toward BSP and both BRB 9 and 10.
BRB 10 (with a mutated RGD domain) evokes only aafter 1, 3, and 5 days using Alamar Blue (Biosource

International), a nontoxic dye that living cells can re- slightly smaller migratory response than BRB 9, sug-
gesting that BSP confers both RGD and non-RGD-me-duce from a blue to red color. After incubation with the

dye for 24 hours, extent of proliferation as measured diated stimulation of cell migration. As seen later (see
Fig. 6), the RGD-mediated component is augmented inby absorbance at 570 and 600 nm was determined using

a 96-well plate ELISA reader (Dynatech MR700, Dyna- cells enriched for avb3 integrin expression. Possible
nonspecific effects due to the E. coli vehicle elementstech Laboratories, Chantilly, VA).
were unlikely since a recombinant BSP-derived frag-

Flow cytometric analysis ment spanning an upstream segment of the protein
was unable to elicit migration (not shown).Cells (50,000) were harvested with trypsin in the log

phase of growth, washed with PBS, and resuspended in MDA-MB-231 proliferative responses to rat BSP
were also positive, showing Ç40% stimulation over100 ml 3% BSA/IMEM with the anti-integrin antibodies

avb3 (0.2 mg) and avb5 (1:500 dilution), followed by basal proliferation in 0.1% bovine serum albumin (Fig.
2B). However, the BSP RGD consensus appears to beincubation for 1 hr on ice. After washing twice with 1

ml IMEM/3% BSA, 100 ml FITC-conjugated goat anti- more important for MDA-MB-231 proliferation than
migration, since BRB 10 was much less effective thanmouse IgG in IMEM/3% BSA was added to the cells

and incubated for 1 hr on ice. Finally, cells were again BRB 9 in increasing proliferation. These effects were
seen after 5 days, but were not evident at day 3. Puri-washed twice with IMEM/3% BSA and analyzed for

surface integrin expression by flow cytometry (FACS- fied BSP was only tested at day 4 due to its limited
availability.plus, Becton Dickinson, San Diego, CA). For cell sorts,

single cells enriched for either avb3 or avb5 (top 5%) Using BSA-blocked plastic and vitronectin as nega-
tive and positive controls, respectively, we further ex-were selected, cloned into 96-well plates, and grown for

2–3 weeks through a single passage, after which they amined RGD involvement in attachment of MDA-MB-
231 cells to BSP (Fig. 2C). The cellular adhesion re-were subjected to a second negative single cell sort to

exclude remaining cells that retained expression of the sponse profile mirrored proliferation, but with more
pronounced HBC cell attachment to BRB 9 than BRBother integrin. Although populations were relatively

enriched for one particular integrin, there was contin- 10. Cell attachment toward vitronectin is shown as a
point of reference. These results suggest that the RGDued low expression of the other integrin. Sorted cells

were used within 2 weeks of the second sort, and selec- domain of BSP is required for proliferation and adhe-
sion to BSP, whereas both RGD and non-RGD motifstive integrin expression profile was relatively stable for

1 month. are involved in MDA-MB-231 cell migration toward BSP.

Attachment assay MDA-MB-231 responses to RGD peptides
Attachment assays were performed essentially as

To characterize further the RGD-mediated re-previously described (Thompson et al., 1993) in tripli-
sponses, we examined MDA-MB-231 responses to BSP-cate in 96-well plates precoated with either vitronectin
derived RGD peptides. The cyclic (CBA4) and linear(1 mg/ml), BSP fragments, or BSP-derived RGD pep-
peptides (BA3) contain the RGD consensus sequencetides (1 mM) in PBS for 1 hr at 377C. The coating solu-
flanked on either side by 2 and 3 BSP amino acids,tion was then replaced with 50 ml of 3% BSA/PBS added
respectively, and have recently been shown to inhibitto each well for 30 min, 377C, to block non-specific bind-
MDA-MB-231 cell adhesion to bone sections (Van dering sites. The wells were then washed three times with
Pluijm et al., 1996). We first employed these peptidesPBS. Meanwhile, the cells were harvested with trypsin
in an attempt to block BSP responses to show RGDand 2.5 1 105 cells/ml were washed and resuspended
specificity, but, instead, discovered that the peptidesin IMEM/BSA. The cell suspension was incubated with
themselves induced the cells to migrate and proliferate.or without integrin blocking antibodies for 1 hr at 377C
Figure 3A demonstrates that these peptides selectivelybefore being added (total volume Å 100 ml) to each pre-
stimulate cell migration, the cyclic CBA4 peptide beingcoated well and incubated for 1 hr to allow for attach-
almost twice as potent as the linear BA3 form. In con-ment. The supernatant containing the unattached cells
trast, no effect was seen with the linear fibronectin-was then removed and the attached cells rinsed gently
derived GRGDSP peptide.with PBS and stained with 50 ml of 0.05% crystal violet

MDA-MB-231 proliferation (Fig. 3B) and attachmentin 25% methanol for 5 min. The plate was rinsed three
(Fig. 3C) experiments also showed direct BSP-RGD re-times by immersion in water and allowed to dry at room
sponses, and again, the cyclic BSP-derived RGD pep-temperature. The incorporated dye was dissolved in
tide was more active than the linear form in both cases.100 ml 0.1 M sodium citrate in 50% ethanol and mea-
As with migration, neither the fibronectin-derivedsured by reading absorbance at 540 nm with a 96-well
GRGDSP peptide nor the GRGDSP control peptide sup-plate ELISA reader.
ported cellular proliferation or adhesion, indicating the

RESULTS BSP-RGD specificity of these responses. The increased
MDA-MB-231 responses to BSP effectiveness of the cyclic form of the BSP-RGD peptide

and BSP fragments (CBA4) as compared to its linear form (BA3) implies
that the tertiary conformation of the BSP molecule isWe first monitored MDA-MB-231 cell migration, pro-

liferation, and attachment responses to rat BSP as well important in conferring migratory, proliferative, and
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adhesive responses, as was indicated previously (Van
der Pluijm et al., 1996).

Effects of integrin-blocking antibodies on
cellular responses

The observation of novel RGD-mediated BSP re-
sponses in MDA-MB-231 cells raised the question of
which cell surface integrins might be responsible for
these effects. Because both osteopontin and BSP have
been shown to interact with av-containing integrins,
we first tested an anti-av antibody. As seen in Figure
4A–C, the L230 antibody decreased migration, prolif-
eration, and adhesion of the HBC cells to CBA4 by
approximately one-half and to BA3 by a lesser extent.
Further delineation using blocking antibodies to either
avb3 or avb5 integrins demonstrated that migration
responses were not inhibited by the avb5 blocker,
whereas proliferative and adhesive responses were sig-
nificantly decreased (P ú 0.05). When the RGD migra-
tion response was examined in isolation with CBA4,
we saw that it was largely avb3-mediated (Fig. 4A).
As seen previously, BRB10 elicited non-RGD-mediated
cellular migration (Fig. 4B), whereas proliferation and
adhesion were predominantly RGD-mediated (Fig. 4B,C).
Shown in Figure 4C is the ability of the av and avb5
antibodies to block attachment of the MDA-MB-231
cells to BRB 9, indicating that the peptides are compa-
rable to the recombinant BSP fragments. Additionally,
we were able to block the attachment to vitronectin
with both av and avb3 blocking antibodies (not shown).
We confirmed the presence of these integrins on MDA-
MB-231 cells by flow cytometric analysis and found the
avb3 integrin to be expressed at lower levels (Fig. 5A).
It is therefore apparent that the MDA-MB-231 cells
can utilize different integrins for different cellular re-
sponses to BSP-RGD sequences (avb5-mediated cell
proliferation and attachment and avb3-mediated mi-
gration).

MDA-MB-231 selectants
To confirm and extend our study of the integrin-spe-

cific responses in MDA-MB-231 cells, we used a fluo-
rescence-activated cell sort (FACS) to select two sub-
populations of MDA-MB-231 cells, one enriched for
avb3 integrin expression and the other for avb5 inte-
grin expression (designated 231avb3 and 231avb5, re-
spectively). The integrin profiles of these two sublines
are shown in Figure 5B,C. The integrin enrichment of
these subpopulations were stable in culture for up to 4
weeks as indicated by FACS analysis.

We repeated our previous experiments on the in-
tegrin-selected subpopulations and found that the
231avb3 cells had an increased migratory capacity
when compared to their 231avb5 counterparts (Fig.
6A), consistent with the previous blocking studies. The
231avb5 selectants showed no evidence of RGD-depen-
dent migration, whereas the 231avb3 selectants showed
increased RGD-dependent migration compared to pa-

Fig. 2. MDA-MB-231 cell migration (A), proliferation (B), attach-
ment (C) to rat BSP and recombinant human BSP fragments BRB9
and BRB10. BSA (bovine serum albumin), PL (plastic), and VN
(vitronectin). Bars represent mean and standard deviation from tripli-
cate filters/wells in a representative experiment.
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rental cells (BRB9ú BRB10), and this could be blocked
most effectively with the avb3 antibody. The 231avb5
cells showed a more pronounced proliferative response
to CBA4 (compared to parental cells) on day 5, and this
could be effectively attenuated by av or avb5, but not
by avb3 antibodies. In contrast, the 231avb3 subpopu-
lation showed a very low initial proliferative response
that was not blocked by avb3 (Fig. 6B). This was con-
sistent with the RGD-dependent proliferation of the
231avb5 selectants in response to BRB9 but not BRB10.
Although not shown, day 3 proliferation responses were
similar. Results from the adhesion experiments with
the MDA-MB-231 subpopulations were similar to those
from proliferation experiments, but more pronounced.
Whereas both 231avb3 and 231avb5 populations show
increased cell attachment to the BSP-derived RGD
peptides, attachment could be inhibited by the avb5
blocking antibody only in the 231avb5 cells (Fig. 6C).
Blocking antibodies to avb3 were unable to inhibit at-
tachment of avb3 cells, suggesting an alternative mech-
anism for BSP-mediated attachment and proliferation
in the avb3 selectants. As previously shown, adhesion
appeared to be RGD-dependent since attachment of
both selectant populations to BRB10 was significantly
diminished (P õ 0.05) as compared to BRB9. As with
parental cells, GRGDSP was unable to induce signifi-
cant migration, proliferation, or attachment in these
sublines, showing the BSP specificity of this RGD re-
sponse. Overall, the results with these selected subpop-
ulations confirm the differential avb3 and avb5 inte-
grin usage for migration, proliferation, and adhesive
responses of MDA-MB-231 cells to BSP.

BSP RGD-induced responses in other
HBC cell lines

In order to investigate the cell specificity of our re-
sults, we examined similar response profiles of two ad-
ditional breast cancer cell lines, MDA-MB-435 and
LCC15-MB. When analyzed for integrin expression by
flow cytometry, the LCC15-MB and MDA-MB-435 cell
lines both showed expression of the avb3 and avb5 inte-
grins (Fig. 5D,E); however, the analysis also revealed
higher avb3 levels in these two cell lines as compared
to the MDA-MB-231 cell line, altering the ratio between
the two integrins. In contrast to the MDA-MB-231 cells,
both of these cell lines showed very little inherent mi-
gration, even to serum-supplemented medium, a potent
positive stimulant of migration, such that migration
responses of these cells toward BSP could not be evalu-
ated. This has been demonstrated previously for the
MDA-MB-435 cells (Thompson et al., 1992), and also
seen to some extent in the LCC 15-MB cells (Sung
et al., 1998). Most likely, this poor response in LCC15-
MB is due to the poor adhesion of these cells for collagen
type IV (Sung et al., 1998). However, as illustrated in
Figure 7A,B, the MDA-MB-435 and LCC15-MB cell

Fig. 3. MDA-MB-231 cell migration (A), proliferation (B), attach-
ment (C) to BSP-derived RGD peptides CBA4 and BA3 and fibronec-
tin-derived RGD peptide (GRGDSP) and corresponding mutant form
(GRGESP). BSA (bovine serum albumin), PL (plastic), and VN
(vitronectin). Bars represent mean and standard deviation from tripli-
cate filters/wells in a representative experiment, and proliferation to
BA3 is significantly lower than that obtained by CBA4 (day 5). *P õ
0.05 in two-sided t-test.
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lines did show positive proliferative and adhesive re-
sponses toward the BSP fragment BRB 9. These re-
sponses appeared to be RGD-dependent since the non-
RGD containing BRB10 was ineffective in increasing
proliferation or adhesion of the two cell lines.

Figure 7A shows that BSP-induced proliferation of
the LCC15-MB and MDA-MB-435 cell lines, at approxi-
mately equivalent levels compared to the MDA-MB-
231 cells, is at least partially RGD-dependent, since
responses were seen to BRB 9 but not to BRB 10. Cellu-
lar proliferation of the MDA-MB-435 cells was also
stimulated in response to the BSP-derived RGD pep-
tides and blocked by the avb5 blocking antibody, and
again, lack of proliferation toward a fibronectin-derived
RGD peptide (GRGDSP) further signified the impor-
tance of a BSP specific RGD peptide in stimulating
proliferation of the MDA-MB-435 cells. In contrast, the
LCC15-MB cells have a much diminished proliferative
response to the BSP-RGD peptides, which was not ef-
fectively blocked by the integrin antibodies, suggesting
an additional mechanism of BSP-induced growth in
these cells.

We also analyzed adhesion of the two additional cell
lines and showed that the MDA-MB-435 and LCC15-
MB cells, similar to the MDA-MB-231 cells, attached
in an RGD-dependent manner to BRB 9, but not to
BRB 10, which lacks the RGD tripeptide (Fig. 7B). Al-
though the BSP-derived RGD peptides were effective
in stimulating adhesion of these cells, levels of adhesion
were somewhat reduced, especially in the LCC15-MB
cell line. In addition, whereas MDA-MB-435 adhesion
to BSP peptides was blocked by the avb5 blocking anti-
body, this was not the case for LCC15-MB cells (Fig.
7B). Overall, these data demonstrate that although
BSP does appear to confer general RGD-mediated pro-
liferative and adhesive properties on a number of differ-
ent breast cancer cells, the extent and mechanism of
stimulation may vary from one cell type to another,
depending on the presence and ratio of avb3 and avb5,
and perhaps other cell surface integrins.

DISCUSSION
Although the mechanisms and regulation of carci-

noma metastasis are not well understood, significant
progress has been made in recent years. Most notably,
cellular attributes such as adhesion, degradation, mi-
gration, and proliferation have been formulated into
the metastatic cascade, through which the primary tu-
mor cells must pass to establish at a site of secondary
growth (Bernstein and Liotta, 1994). The central find-
ings in this work are that BSP can support cellular
migration, proliferation and attachment of the human
breast cancer cells and that a significant part of these
responses is mediated by interactions between the
BSP-RGD motif and the avb5 (proliferation, adhesion)

Fig. 4. Effects of av, avb3 and avb5 integrin blocking antibodies on
MDA-MB-231 cell migration (A), proliferation (B), attachment (C) to
BSP-derived RGD peptides CBA4 and BA3. Recombinant BSP frag-
ments BRB9 and BRB10 are also shown as reference points. BSA
(bovine serum albumin), GRGDSP (fibronectin-derived RGD peptide),
PL (plastic), and VN (vitronectin). Bars represent mean and standard
deviation from triplicate filters/wells of a representative experiment,
and av-blocked migration to BA3 is significantly lower than migration
toward BA3 alone. *P õ 0.05 in two-sided t-test.
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Fig. 5. Integrin profiles of HBC cell lines MDA-MB-231 (A), MDA-
MB-231avb3 selectants (B) MDA-MB-231avb5 selectants (C), LCC15-
MB (D), and MDA-MB-435 (E) HBC cell lines as analyzed by fluores-
cence activated cell sorting. FITC represents basal fluorescence (nega-
tive control).
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Fig. 6. Effects of av, avb3 and avb5 integrin-blocking antibodies on
MDA-MB-231avb3 and MDA-MB-231vb5 selected subpopulations for
migration (A), proliferation (B), attachment (C) to BSP-derived RGD
peptides CBA4 and BA3. Recombinant BSP fragments BRB9 and
BRB10 are also shown as reference points. BSA (bovine serum albu-
min), GRGDSP (fibronectin-derived RGD peptide), PL (plastic), and
VN (vitronectin). Bars represent mean and standard deviation from
triplicate filters/wells of a representative experiment. av-blocked mi-
gration of 231avb3 selectants toward CBA4 is significantly lower than
migration toward CBA4 alone, and avb3-blocked migration toward
BA3 is significantly lower than toward BA3 alone. *P õ 0.05 in two-
sided t-test.

or avb3 (migration) integrins, respectively. In the case The responses seen here were initially established with
purified rat BSP followed by more detailed studies us-of migration, an additional and perhaps more potent

non-RGD stimulus exists in BSP and the combined ef- ing recombinant human BSP fragments expressed in
E. coli and BSP-specific RGD-containing peptides. Wefects of these remain to be tested. Indeed, in further

studies (Sung et al., unpub.), BSP transfection of the found that the cyclic form of the BSP-RGD peptide con-
ferred migratory, proliferative, and adhesive propertiesMDA-MB-231 cells did upregulate baseline migration.
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Fig. 7. Effects of recombinant BSP fragments BRB9 and 10 and are effects of av, avb3 and avb5 integrin-blocking antibodies on the
the BSP-derived RGD peptides CBA4 and BA3 on MDA-MB-435 and responses elicited by the BSP peptides. GRGDSP is a fibronectin-
LCC15-MB HBC cell proliferation (A) and adhesion (B). Also shown derived RGD peptide, PL (plastic) and VN (vitronectin).

comparable to the RGD component of full length rat BSP-induced cell responses in more than one cell line.
Positive BSP immunoreactivity is present in almostBSP, and although additional responses mediated by

other BSP domains are likely, we have indicated a sig- 80% of primary breast lesions, and whereas emerging
literature correlating BSP expression in primary breastnificant role of the integrin-binding RGD domain of

BSP in these responses. Blocking studies using anti- tumors with disease outcome suggests an autocrine
mechanism of primary tumor invasion, BSP abundanceintegrin antibodies and subpopulations enriched for in-

tegrin expression showed avb5 to be the primary inte- in bone also supports a paracrine mode of action in
facilitating bone metastasis (Bellahcene et al., 1995,grin involved in adhesion and proliferation responses,

and avb3 to be more important for the RGD-mediated 1996b). Our results demonstrating the effects of BSP
fragments on three different HBC cell lines help tocellular migration responses in MDA-MB-231 cells.

Similar studies using two additional HBC cell lines define a possible role for BSP in tumor invasion and
metastasis.(MDA-MB-435 and LCC15-MB) show that BSP-RGD-

induced proliferation and adhesion appear to be a gen- The adhesion, migration, and proliferation of the
MDA-MB-231 HBC cell line in response to BSP coulderal phenomenon among these cell lines and, at least

in the case of MDA-MB-435, could be shown to involve be important at both the primary and metastatic (bone)
sites of tumor growth. Two previous studies have asso-the same differential integrin usage. However, prolifer-

ative and adhesive responses of the LCC15-MB cell line ciated the interaction of BSP and av-containing inte-
grins with bone metastasis activities. Adhesion of theto BSP peptide were markedly diminished, and we were

unable to implicate the avb5 integrin in blocking stud- MDA-MB-231 cell to rat vertebral bone slices could be
blocked by the same BSP-derived RGD peptide as weies. Such differences are not completely surprising,

given the diverse origins of the HBC cells as well as used here, suggesting that metastasizing breast cancer
cells may use BSP in order to attach to the bone matrixvariety of integrins expressed on one cell type. As

shown in the results, the LCC15-MB and MDA-MB- and also that the BSP-specific sequences flanking the
RGD domain are important in the adhesive functions435 cell lines express higher levels of avb3 integrin

than the MDA-MB-231 cells, and, indeed, the MDA- of BSP (Van der Pluijm et al., 1996). Another study
demonstrated that transfection of 293 cells with eitherMB-435 cell line revealed proliferative and adhesive

responses that may more closely resemble the avb3- avb3 or avb5 promoted cellular attachment to BSP (Du-
ong et al., 1996). Our studies have revealed a novelselected MDA-MB-231 cells. The expression profiles of

other integrins may also differ among the three cell proliferative response of HBC cells to BSP, as well as
cellular attachment and migratory responses. We havetypes, and could presumably result in stimulation of

different signal transduction pathways (Ruoslahti also demonstrated an important interaction between
the BSP-RGD domain and specific integrins in MDA-et al., 1994) and may explain our inability to inhibit

LCC15-MB proliferation and adhesion with the avb5 MB-231 cell proliferation, migration, and adhesion,
behaviors that may contribute to the effect of BSP onantibody. Nevertheless, our results using different

breast cancer cell lines provide evidence for a range of metastasis. Matrix degradation, another important
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event in cancer progression, was not examined here, shown to stimulate cell growth. Expression of both b1
and b5 integrins in CHO cells promotes spreading ofbut Teti and colleagues (1996) demonstrated a role for

BSP in activation of matrix metalloproteinase (MMP- CHO on fibronectin, whereas expression of b1 alone
resulted in increased proliferative response to fibro-2) and the urokinase plasminogen system. It is im-

portant to note, however, that non-RGD responses to nectin (Pasqualini and Hemler, 1994). Likewise, intro-
duction of the avb6 integrin into colon carcinoma cellsthe BSP fragments also were seen in all three HBC cell

lines examined and could figure prominently in breast increased their proliferative capacity both in vivo and
in vitro, and, interestingly, this required a specific 11cancer cell metastasis.

The integrin family has long been implicated in cell- amino acid domain of the b6 subunit that is not neces-
sary for other functions of the b6 cytoplasmic domaincell adhesion, but only recently was shown to provide

cells with migration, growth, and differentiation sig- such as adhesion and focal contact localization (Agrez
et al., 1994). These studies support a general schemenals. Integrin expression and binding specificity var-

ies greatly from cell to cell and, in addition, also may in which a number of different integrins, which tradi-
tionally function in cell adhesion, also are involved inbe regulated within one cell type by molecules such

as growth factors and cytokines that affect cell prolifer- migration and proliferation, depending on the cellular
localization and cell type in which they are expressed.ation and differentiation (Ruoslahti et al., 1994). As

such, integrins participate in a variety of normal Finally, two additional studies that focus on the BSP-
related protein OPN also indicate differential integrinand abnormal physiological processes including wound

healing, angiogenesis, and tumor invasion (Pignatelli usage. A recent kinetic and biochemical study of OPN
receptors has determined that both avb1 and avb5 canet al., 1992). Recently, numerous immunohistochemical

and in situ hybridization studies have demonstrated act as receptors for this bone matrix protein and can
bind OPN with a similar affinity as the more wellirregular integrin expression in breast tumor progres-

sion and development of metastasis. For example, loss known avb3 integrin (Hu et al., 1995); however, differ-
ent functional uses for each integrin were not exam-of a2b1 and a5b1 integrins resulted in increased tumor-

igenicity of poorly differentiated mammary carcinoma ined. Furthermore, Liaw and colleagues (1995) recently
showed that although all three av integrins can medi-(Pignatelli et al., 1992; Zutter et al., 1993, 1995),

whereas avb3 integrin expression has been associated ate smooth muscle cell adhesion to OPN, migration was
dependent on only the avb3 integrin. These studieswith invasiveness of mammary carcinomas and the

MDA-MB-231 HBC cell line (Tondravi et al., 1996; Van further support our current findings, which show that
avb3 is responsible for breast cancer cell migration,Muijen et al., 1996). In analysis of breast cancer inte-

grin expression in 22 bone biopsies containing breast whereas adhesion and proliferation to BSP are medi-
ated via the avb5 integrin. Future experiments couldcancer metastasis, Liapis and colleagues (1996) discov-

ered that whereas avb3 expression was mixed in the be directed toward dissection of the intracellular events
that may follow integrin ligation to result in eitherprimary tumors, it was abundant in all breast cancer

cells that had metastasized to bone, alluding to a bone- growth, adhesion, or migration of the cells.
The intracellular second messenger cascades that fol-specific induction of the avb3 integrin. Several avb3-

binding matrix proteins including BSP, OPN, vitronec- low cell surface integrin clustering and/or activation
are now becoming better understood. For example, bothtin and collagen I have been isolated from skeletal

tissue and may actually participate in selective estab- integrin aggregation and ligation were required to in-
duce intracellular accumulations of focal adhesion ki-lishment of tumor cells expressing avb3 (Ingram

et al., 1993; Grzesik and Robey, 1994). Our results nase (FAK) accompanied by tyrosine phosphorylation,
and integrin aggregation alone could induce promptsuggest that avb5 and avb3 are two integrins that may

promote breast cancer cell interactions with bone ma- transmembrane accumulation of a number of signal
transduction molecules (Miyamoto et al., 1995a,b).trix proteins and, more specifically, that use of the

avb5 integrin contributes to BSP-induced prolifera- However, Chen and others (1994) demonstrated that
fibroblast attachment to a synthetic fibronectin-derivedtion and adhesion, whereas the avb3 integrin is at

least partly responsible for migration responses. RGD peptide is sufficient for mitogen-activated protein
kinase (MAPK) activation and subsequent transloca-The differential use of integrins for adhesion, migra-

tion, and proliferation is not unusual, having been tion from the cytosol to the nucleus. In osteoclasts and
also in human melanoma cells, adhesion to OPN viastudied previously in several different cell lines. A

study using neural crest cells that express three differ- avb3 led to rapid production of phosphoinositides, tyro-
sine kinase activity, and activation of the c-src onco-ent av integrins demonstrated that avb1 primarily me-

diates adhesion to vitronectin, whereas migration of gene, respectively (Hruska et al., 1995; Chellaiah et al.,
1996). Whereas only full-length OPN was tested in thethese cells was mediated by both avb3 and avb5. The

cellular localization of these integrins corresponded to study with melanoma cells, a small RGD-containing
OPN peptide could elicit myoinositol incorporation intheir functions, with avb1 located mostly at focal adhe-

sion sites, whereas the other integrins were diffuse on osteoclasts. Furthermore, this effect appeared to de-
pend on RGD, since RGE peptides could not stimulatethe cell surface (Delannet et al., 1994). Similarly, hu-

man pancreatic carcinoma cells, which normally only the synthesis of phosphoinositides. Finally, and ex-
tremely relevant to our study, is the finding that aexpress avb5 and adhere to, but do not spread or mi-

grate on vitronectin, did so upon subsequent transfec- BSP-derived RGD peptide can induce an increase in
intracellular free calcium ions in osteoclasts and thattion of the b3 integrin subunit (Leavesley et al., 1992).

Although much of the integrin research centers around this event may occur through the vitronectin receptor
(Shankar et al., 1995). Since we have demonstratedcellular adhesion, spreading, and migration, there are

also recent studies in which integrin ligation has been breast cancer cell responses to BSP peptides in vitro,

893B 10203/ 893D$$0203 07-01-98 10:07:03 wlcpa W Liss: JCP



RESPONSES TO BONE SIALOPROTEIN 493
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